The transverse emittance from optimized rf photoinjectors is limited by the thermal emittance. The thermal emittance can be lowered by a factor >2 by using a semiconductor photocathode.
Introduction
Present and future accelerator applications are increasingly dependent on the availability of low emittance, high-brightness beams. RF photoinjectors are the most cost-effective way to generate such beams. Some ideas on how to lower the transverse emittance of a rf gun are discussed in this paper.
The development of rf photocathode guns over the past decade has ushered in a new era for electron sources. Since these guns operate with much higher extraction fields than traditional dc-biased guns, the space-charge forces near the cathode are dramatically reduced, making it possible to extract and accelerate very high current beams directly from the cathode. In addition, it was realized quite early that since the emittance from an rf gun is largely correlated, its growth can to a large extent be reversed by the application of a longitudinal magnetic field immediately following the cathode. A number of experiments have demonstrated the viability of these concepts.
The operation of rf guns has received extensive theoretical treatment, and several simulation codes that take into account space charge have proven extremely useful for optimizing emittance-compensating designs. A design that has been optimized can be scaled to any desired operating frequency. For S-band, the parameters associated with this optimum design are 1 nC of charge in a cylindrically uniform charge distribution of length 10 ps by radius 1 mm. Simulations indicate that using an appropriate rf design coupled with an emittance compensating solenoid, a normalized rms emittance of 10 -6 m should be achievable simultaneously in all three planes at a fully relativistic energy (>100 MeV). Experimental confirmation of this conclusion is presently only approximate.
An important application for high-brightness sources is for x-ray FELs such as the Linac Coherent Light Source (LCLS) planned at SLAC. The LCLS injector design includes a high-gradient S-band gun followed by a separate S-band booster. Recognizing that the LCLS requires the injector to operate at the optimum design discussed above, a considerable amount of attention has been paid to the details of this design. The LCLS Design Report [1] presented a design predicting the required transverse emittance of 10 -6 m, but with no headroom for unaccounted factors, the principal one of which is the thermal emittance. More recent studies indicate that significantly lower emittances should be achieveable [2] .
Thermal emittance
The term "thermal emittance" refers to the uncorrelated emittance of the electrons as they are extracted from the cathode surface. The term is derived from the performance of a thermionic gun. A thermionic cathode generally consists of a metal with a relatively low work function, Φ, that is heated until electrons are emitted. This emission is explained by treating the free electrons in the metal as a Fermi-Dirac gas. The probability that an energy state is occupied diminishes rapidly from unity towards zero as the energy is increased significantly above the Fermi energy, ε F , over an energy range characterized by kT/2, where T is the temperature of the metal. Based on this model, the probability for electrons to tunnel through the surface barrier to vacuum is given by the Richardson-
where r is the reflection coefficient at the metal-vacuum interface, and A is an empirical constant. The normalized rms transverse emittance, ε n,rms , from a uniformly emitting thermionic cathode of radius r c and operating temperature T is given [3] by
Thus the initial thermal emittance of a beam generated by a thermionic cathode can be determined by measuring the cathode temperature using a pyrometer.
Photoemission from metals
Since kT~0.025 eV at room temperature, a cold emitter must have a low value of Φ.
The presence at the cathode of a strong electric field, E c , will significantly lower the work function of photoemissive materials. Field emitters depend primarily on this factor.
Photoemitters for practical electron beam sources are affected by all three factors: Φ, T,
and E c , although use of elevated temperatures is rare.
Photoemission from a metal involves first the absorption of a photon with hω > Φ e , where Φ Φ ∆ e = − . Here ∆ is the lowering of the work function by E c and is given [4] by ∆ = e eE c o 4 πε . With normal-incidence illumination by a cylindrical laser pulse of uniform transverse and temporal distributions, the upper limit for the thermal emittance of the extracted electron bunch is given [5] by 
where ε ε ω kin F = +h and the maximum emission angle, φ max , is given by
Using 4.6 and 7.0 eV for Φ and ε F respectively for the case of a Cu cathode, and letting hω = 4 6 . eV and E c =84 MV/m, we find ϕ max~1 0°. For a cathode of 1-mm radius, ε n rms therm , is thus ~0.3×10 -6 m. The thermal emittance adds quadratically to the residual correlated emittance at high energies, thus the total emittance predicted for an optimized S-band system using a metal cathode appears to be seriously limited by the thermal emittance.
Surface roughness will increase the local value of ϕ max relative to the normal to the macrosurface. On the other hand, the effects of electron-electron scattering in the bulk as well as promotion from below the Fermi level, both of which would lower the thermal emittance, have been ignored. Any field enhancement due to the presence of surface contaminants or other factors has also been neglected. Such field enhancements for poorly prepared surfaces can be quite large, but it is noted that the field emission from which these enhancements are calculated (using a Fowler-Nordheim analysis) includes the gross area of not only the whole vacuum system subject to the high electric fields (the gun rf cavities in the case of an rf photoinjector system) while the electron beam is extracted from a much smaller area on the order of 1 mm radius for an S-band gun. In addition field emission is generally associated with specific emission points that can in principle be eliminated or avoided in real systems [6] . , where T e is the effective temperature of the excited electrons at emission, the change in the QE observed for a small change in Φ e can be used to derive an experimental value of T e . In this manner a value of T e =0.14 eV for a Cu cathode excited at 263 nm has been determined by changing the extraction phase to vary the Schottky effect [7] . From Eq. (2), a corresponding thermal emittance of 0.26×10 -6 m per mm-radius is predicted for a transverse uniform pulse, which is consistent with the maximum value derived earlier.
Photoemission from semiconductors
The principal energy-loss mechanism for electrons in a metal is electron-electron scattering. Near threshold, the primary electron can lose a significant fraction of its energy in a single scattering event, while the secondary electron may not gain enough energy to allow it to escape to vacuum. Thus the escape depth for metals is very short. By contrast, semiconductors lose energy primarily by electron-phonon scattering since electron-electron scattering is forbidden for excitation energies less than twice the band gap, E BG . The photoemission process for semiconductors is illustrated in Fig. 1 . The experimental data discussed above suggests that to minimize the thermal emittance using a semiconductor photocathode, it should be operated with E A~0 . The effective temperature of the emitted electrons would then be ~0.025 eV compared to ~0.14 eV for the Cu example discussed earlier, resulting in more than a factor of 2 reduction in the thermal emittance per mm-radius. Cooling the cathode to ~100 K would reduce the thermal emittance another factor of 3 . Operating at E A~0 will reduce the QE by about an order of magnitude, or to a level of ~1% for GaAs, which is still high considering that the excitation light, at threshold, is in the visible regime.
Conclusions
To take full advantage of recent progress in rf photoinjector designs for producing low emittance beams, the thermal emittance must be reduced. Semiconductors have been
shown to offer the possibility of such a reduction, by a factor of 2-3 compared to Cu. 
